Development of a practical, low cost high voltage electrolyte to enable lithium ion battery (LIB) operation above 4.5V will enable high energy density cells for vehicle applications. Towards that end, Dow Energy 
Introduction
Development of a practical, low cost high voltage electrolyte to enable lithium ion battery (LIB) operation above 4.5V will enable high energy density cells for vehicle applications. Towards that end, Dow Energy Materials is investing in programs to develop safe, costeffective, high voltage electrolyte solutions. This effort leverages core capabilities of Dow's large R&D organization, such as fundamental modeling, low cost synthesis methods, and combinatorial formulation development.
A practical solution to a high voltage electrolyte formulation requires all of these elements for success.
This multi-faceted approach was utilized by Dow to determine the viability of ethylmethoxyethyl sulfone (EMES) as a high voltage electrolyte in full lithium ion cells. LaTeX users: please provide title, authors, abstracts and keywords in the appropriate sections. For other programs, please follow the instructions in the abstract section.
Results and Discussion
Sulfones have been widely explored as potential high voltage materials, including EMES. [1, 2, 3] Some sulfone based electrolytes can demonstrate voltage stability up to 5V, but suffer from high viscosity, low conductivity, and inability to form SEI films on the LIB anode. Physical properties for EMES are shown in Fig. 1 . In fact, HOMO calculations for many of these materials are well above 5V making them particularly attractive as electrolyte candidates. Calculated LOMO values are typically around 1V which are well above the potential of lithiated graphite, thereby requiring formation of a stable solid electrolyte interface (SEI) for good cycle life. EMES was selected as a candidate for high voltage evaluation by Dow due to its relatively low volatility, high flash point, high thermal stability, and reported stability of greater than 5V on inert electrodes. The evaluation reflects a methodology of candidate screening using models, low cost synthesis, and combinatorial formulation experiments used by Dow. (NMC) cathode/graphite anode cell was much poorer than the control EC/DEC formulation, presumably due to the high viscosity and low conductivity (Fig. 3) . While 100% EMES does not demonstrate adequate performance, an assessment of its use with co-solvents and additives is necessary to fully evaluate its potential usefulness. Formulation studies are inherently difficult due to the large number of variables including choice of co-solvent(s), ratios of solvents, salt concentration, and so forth. Therefore, Dow uses a combination of modeling and high throughput approaches to conclude at some confidence level that a material is viable or not. The Advanced Electrolyte Model (AEM) developed by K. Gering at INL was used to predict which combinations of solvents and salts, along with ratios of them, would result in the lowest viscosity, highest conductivity formulations. [4] This allows the elimination of many experiments on formulations with little promise of success. Once the experimental design is defined with appropriate co-solvents, salts, etc., cell performance is determined and the favorable formulation space is defined.
Examples of combinations are shown in Fig. 4 and Fig. 5 where EMES is evaluated with varying co-solvents against different cathodes and anodes. While the high voltage value proposition of EMES was not demonstrated in this study, a number of interesting formulations were defined which improved cycle life on standard electrode materials. Without a "complete" approach to evaluation of high voltage candidates, including modeling, formulation science, and electrochemical screening, performance attributes of new electrolyte candidates will be missed. Finally, Dow Chemical has extensive experience in developing low cost manufacturing routes for new chemistries. An approach for low cost EMES was developed, which can be implemented if warranted. Extensive work at Dow is being done on novel new chemistries that show promise as high voltage candidates using this methodology. It is anticipated that other benefits of candidates will be identified that will provide value to the LIB market.
Conclusions
Investigation of potential 5V electrolyte candidates is a complex undertaking best accomplished by a methodology including modelling, physical property screens, and electrochemical testing with a variety of battery materials. While EMES ultimately did not yield adequate high voltage performance in batteries, this methodology does demonstrate some regimes in which EMES may provide advantages. Dow's future work in 5V electrolyte discovery uses these approaches to ensure that all performance attributes of potential candidates are determined.
